We demonstrate 200 fs pulses directly obtained from Yb:YAG thin disk oscillator. We achieved 200 fs with 17 W average power and 270 fs with 45 W at 40 MHz repetition rate with optical to optical efficiency of 25% To our knowledge these are the shortest pulses ever achieved from the mode locked Yb:YAG disk oscillator and a first demonstration of Kerr lens mode locked thin disk laser. 
Introduction
To date high repetition rate high energy lasers are mainly represented by fiber chirped pulse amplification (CPA) systems, solid state master oscillator power amplifiers (MOPA) and thin disk oscillators. Fiber based CPA lasers provide over 800 W average power with 640 fs pulses [1] and MOPA Innoslab demonstrates 620 W [2] with similar pulse duration. The highest average power reported from thin disk mode locked oscillator is 140 W with 740 fs pulse duration [3] and highest energy is 30 µJ in active multipass geometry [4] . During the last decades many efforts were dedicated to the growth and mode locking of Yb doped broadband materials. Nevertheless, the sub-200 fs pulses have been demonstrated only with broadband material Yb:LuScO 3 at low output power of 9.5 W [5] and have not reached the emission-bandwidth limit. On the other hand the Yb: YAG bandwidth of ≈ 6.5 nm [6] should provide an access to sub-200 fs pulses. However, till now this fact has not been verified experimentally. Moreover, it was commonly agreed that efficient high power operation is limited to 700 fs pulses [5, 7] , which is rather the case for pure SESAM mode locked oscillators (Fig. 1 ).
In this work we demonstrate generation of 200 fs pulses at 17W output power and 270 fs duration at 45 W output power directly from Yb:YAG thin disk oscillator without any spectral filtering. Such short pulses became feasible owing to the KLM technique [8] applied, for a first time, to the thin disk laser.
Experimental setup
In comparison to other Yb-based materials, Yb:YAG is a well established commercially available material in excellent optical quality and large crystal sizes. It has a broad absorption line at 940 nm as well as a zero phonon line at 969 nm suitable for pumping by wavelength-stabilized high-power diodes. As a result of its low quantum defect, absence of excited state absorption, high thermal conductivity and good thermo-mechanical properties, Yb:YAG holds the position of an ideal crystal to be used in disk oscillators. Our experimental setup sketched in Fig. 2 . includes a 220 µm-thin wedged Yb:YAG disk of 7% doping. A disk head (Dausinger&Giesen GmbH) is aligned for 24 passes through the gain medium with a pump spot diameter of 3.2 mm. The Yb:YAG thin disk is used as one of the folding mirrors in a standing-wave cavity pumped by fiber-coupled diodes centered at the 940 nm wavelength. The cavity is a convex-concave type designed for providing large mode sizes over the whole length in order to reduce the nonlinearity of air and the risk of damage of optical components. The average mode radius inside the cavity is 1.2 mm, the beam radius on the disk is 1.3 mm and 1 mm on the end mirror (SESAM). Due to a large mode size on the disk and its low thickness, the gain and the Kerr medium (KM) have to be separated. Therefore, an additional Newtonian telescope was implemented to provide the necessary beam waist in the KM. In our case the telescope consists of two concave mirrors with a focal length f=150 mm each and sets the beam waist to approximately 50 µm inside the KM. The telescope is slightly asymmetric with the arm length d 2 =200 mm. The oscillator stability zones are functions of both the mirror-separation-distance d 1 and the thermal lens of the gain medium [9] . The cavity is designed to reduce sensitivity to the thermal lens in the disk. Stability zone used for KLM is influenced by the distance change between the mirrors R 1 and R 2 (Fig. 2) . In order to provide a high sensitivity to the Kerr effect, the oscillator is operated at the stability edge corresponding to the increased distance d 1 between the mirrors R 1 and R 2 . This stability edge can be used for both soft-and hard-aperture KLM. Dispersion from all intracavity elements as well as nonlinear phase shift induced by the KM are compensated by the roundtrip negative group delay dispersion of approximately -22000 fs 2 introduced by a set of 7 flat high dispersive mirrors (9 bounces, see Fig.2 ) with losses of 0.04% each. A 1 mm-thick fused silica plate is used as the KM. Our cavity was designed to maintain both acceptable misalignment sensitivity as well as a small influence of the disk thermal lens.
For approximately the same oscillator configuration, we experimentally verified 3 regimes: pure SESAM modelocking, soft aperture KLM assisted by SESAM as well as hard aperture KLM. The results with pure SESAM mode locked oscillator were reported in [10] with 100 W output power and 700 fs pulses, however because of the small modulation depth SESAM further power scaling was limited by the onset of CW components. In both last KLM cases, the pulses were much shorter than in the first one. However, KLM assisted by low modulation depth singlequantum-well SESAM was less sensitive to the cavity misalignment and demonstrated better performance on the daily basis as well as a self-starting operation. Being mode locked once the oscillator stays stable over the whole day.
Results
The oscillator has been successfully operated with two different output couplers of 5.5% and 14%. With the 5.5% output coupler, we achieved 17 W of average power at 110 W of pump power which corresponds to the optical-tooptical efficiency of 15%. The measured pulse duration is 200 fs and spectrum FWHM is 6 nm centered at 1032 nm (Fig. 3a) . With the 14% output coupler and 180 W of pump power, the average power reached 45 W corresponding to 1.1 µJ pulses and 25% of optical-to-optical efficiency (Fig. 3b) . The difference in the pulse durations in these two cases is most probable related to the cavity alignment resulting in different effective modulation depths and also in the different cavity stability influenced by the disk thermal lens. Both results correspond to 8 µJ of intracavity pulse energy. Our attempts to reach higher energy led to onset of multi-pulsing or cw background. The Q-switching instabilities were not dominating and have been observed typically only during the alignment of the oscillator. The suppression of Q-switching is very probably caused by the saturation of the self-amplitude modulation in the soft aperture KLM regime.
The KLM regime is prospective in terms of further power/energy scaling. Three important advantages of KLM over pure SESAM mode locking are i) the fastest mode-locking mechanism leading to shortest pulses realized so far, ii) absence of saturable and non-saturable losses resulting in the thermal lensing of the resonator components and iii) absence of two-photon absorption. The theory based on the variational method [11] gives approximated law for the maximum energy E and the minimum pulse duration T of a stable soliton pulse developing in a soft-aperture KLM oscillator:
Here b is the round trip group delay dispersion, g is the self-phase modulation (SPM) coefficient, z is the inverse power of saturation of self-amplitude modulation. Eq. (1) is in reasonable agreement with experiment for z≈0.7g. According to (1), the next steps in the energy scaling can be realized by means of increased negative group delay dispersion, decreased SPM and increased beam waist in a Kerr medium that would reduce the z-parameter.
Conclusion
We have demonstrated a KLM Yb:YAG thin-disk oscillator delivering 1.1 µJ pulse energy, 45 W of average output power and 270-fs pulses. Even shorter 200-fs pulses were generated at a lower average power of 17 W. We realized stable operation of the oscillator in spite of operating with a large intracavity mode as well as with a pronounced thermal lens in the gain medium. The KLM technique applied, for the first time to a thin-disk oscillator, reveals a hidden potential of the Yb:YAG material for supporting 200 fs pulses with a vision of even shorter pulses (Eq. (1)) at high power operation. We thank M. Larionov and C. Teisset for the technical support and fruitful discussions.
